As a simple alternative to the standard eddy-diffusivity closure, a nonlinear subgrid- 
Introduction
Large-eddy simulation (LES) is a useful tool for the study of high-Reynolds-number turbulent flows. The physical basis for LES is the separation of the flow into resolved and subgridscale (SGS) motions. This is achieved through the use of a three-dimensional spatial filtering operation, denoted here as a tilde ( ). The resolved (filtered) motions contain most of the energy, and one can compute them numerically by solving the filtered governing equations, while the effects of the less energetic SGS motions are parameterized. This study is devoted to the extension of a recently introduced SGS stress model (Lu and Porté-Agel, 2010 ) dealing with the LES of turbulent atmospheric boundary layer (ABL) flows to the case where a scalar is introduced into the flow. The closure problem is restricted to the spatially filtered scalar transport equation, and effects of the SGS motions are represented by the divergence of the SGS flux vector. The SGS flux vector is defined as
and it must be closed in terms of the resolved velocity field u i and the resolved scalar field θ.
Numerous SGS models have been proposed since the introduction of the first SGS stress model by Smagorinsky (1963) . The Smagorinsky model belongs to the family of eddy-viscosity and eddy-diffusivity models. They all rest on two important assumptions: (i) the effects of the SGS motions on the resolved motions are essentially energetic actions, so that the modeling focuses primarily on the balance of the energy transfers between the two scale ranges, and (ii) the energy-transfer mechanism is analogous to the molecular mechanism represented by diffusion.
The local-equilibrium hypothesis is often adopted to determine the model coefficients. In the context of ABL flows, the early eddy-viscosity/diffusivity models have revealed that the mean wind and temperature profiles in the surface layer differ from the Monin-Obukhov similarity forms (e.g., Businger et al., 1971; Stull, 1988) . Specifically, the nondimensional vertical gradients of velocity and temperature could be overestimated by more than 20% in the surface layer.
To try and resolve this issue, researchers have introduced quite a few modifications for different aspects of ABL flows. For instance, Mason (1989) and Mason and Thomson (1992) The variety of SGS models for simulating ABL flows arises not only because the theoretical justifications are arguable but also because LES solutions are sensitive to the given type of SGS models, especially in the surface layer. In contrast to eddy-viscosity/diffusivity models, gradient models are derived from the Taylor series expansions of the SGS terms that appear in the filtered conservation equations (Clark et al., 1979) , do not locally assume the same eddy viscosity/diffusivity for all directions, and make no use of prior knowledge of the interactions between resolved motions and SGS motions. At a-priori level, gradient models generally predict the structure of the exact SGS terms much more accurately than eddy-viscosity/diffusivity models (and therefore are better able to capture anisotropic effects and disequilibrium, e.g., (2007, 2008) . This model for the SGS stress tensor, τ ij = u i u j − u i u j , can be written as
where
τ ii is the SGS kinetic energy, and G ij is the gradient tensor, which is defined as
for a three-dimensional isotropic filter of size ∆ (e.g., Sagaut, 2006) , and
for anisotropic filters/grids (for which ∆ x , ∆ y and ∆ z are not equal) such as the ones considered in this study. Through the formulation, the structure (the relative magnitude of the different components) of the SGS stress tensor is modeled by the normalized gradient tensor, and the magnitude of the SGS stress tensor is modeled by an estimation of k sgs . The nonlinear model formulation has been shown to improve the modeling of energy transfers at intermediate scales and deliver better flow statistics, such as energy decay rate and flow structure (Lu et al., 2007 (Lu et al., , 2008 Rutland, 2011 ). Lu and Porté-Agel (2010) adopted the local-equilibrium hypothesis, which assumes a balance between the SGS kinetic energy production P (P = −τ ij S ij , where S ij = 1 2
is the resolved strain rate tensor) and dissipation rate (classically modeled as ε = C ε k 3/2 sgs ∆ ). A clipping procedure is used to assure that the SGS dissipation rate is non-negative, and thus
where H(x) is the Heaviside step function defined as H(x) = 0 if x < 0 and H(x) = 1 if
The model has been assessed through a systematic comparison with well-established empirical formulations and theoretical predictions of a variety of flow statistics in a neutral ABL. It is capable of reproducing the expected log-law mean velocity profile and power-law energy spectra, and simulations yield streaky structures and near-Gaussian probability density functions of velocity in the surface layer. A further assessment study showed that, in decaying isotropic turbulences, the clipping is applied less than 30% of time and produces no strong energy jumps; also the model is capable of achieving reasonable spectra, as well as other key statistical characteristics (Lu, 2011) . After the encouraging performance of this simple SGS stress model, an extension of this approach to modeling the SGS scalar flux appears interesting.
The scalar problem is a key component of many turbulent flows, and of ABL flows in particular. However, the extension of SGS stress models to scalar flux is not obvious. In this paper, we focus on the development of a simple alternative to the standard eddy-diffusivity closure, and propose (in section 2) a computationally inexpensive modulated gradient model that uses the local-equilibrium hypothesis to estimate the SGS velocity scale and the SGS scalar concentration scale. The model features a clipping procedure for avoidance of negative dissipation. We test the performance of the modulated gradient model in high-Reynolds-number simulations of a neutrally stratified ABL case and a stably stratified ABL case. Section 3 describes the governing equations and common numerical setup. Section 4 and section 5 present the LES results. Section 6 summarizes the findings.
The modulated gradient model
Our proposed SGS flux vector model is written as
This formulation separates the modeling into two elements: the normalized gradient vector serves to model the structure (relative magnitude in each direction) of the SGS flux vector; and a separate model is needed for the magnitude of the SGS flux. To account for the grid anisotropy, the gradient vector is computed as
, and we compute its magnitude with the Euclidean norm
. To close this model, we need to evaluate the magnitude of the SGS flux vector, |q|.
Even though a previous approach (Chumakov and Rutland, 2005) places much emphasis on the scalar field, it is desirable, owing to the definition of the SGS flux vector as shown in equation (1) , that the SGS flux magnitude encompasses both the velocity and the scalar fields.
Therefore here we propose to model the flux magnitude as the multiplication of an SGS velocity scale and an SGS scalar concentration scale |q| = u sgs θ sgs .
It is straightforward to assume that the SGS velocity scale is proportional to the square root of , and the magnitude of the SGS flux can be expressed as
When adopting (as this study has done) Sc = 0.71 (the Prandtl number of air near 20
• C), C ε = 1 (e.g., Yoshizawa and Horiuti, 1985; Kim and Menon, 1995) , and C = √ 2 (with u sgs = √ u i u i − u i u i = 2 k sgs ), one obtains C εθ = 1.0. In this paper, the combination of the SGS stress model described in equations (2) and ( 
where ( u 1 , u 2 , u 3 ) = ( u, v, w) are the components of the resolved velocity field, θ is the resolved scalar, p is the effective pressure, and f i is a forcing term. In the stable case, the buoyancy force and the Coriolis force would be included as 
, where κ is the von Kármán constant, u * is the friction velocity, z 0 is the roughness length, Ψ M is the stability correction for momentum, and U(z) is the plane averaged resolved horizontal velocity. We compute the filter size using a common formulation ∆ = The time advancement is carried out using a second-order-accurate Adams-Bashforth scheme (e.g., Canuto et al., 1988 ).
Neutral atmospheric boundary layer
The numerical setup is classical and has been used for previous model assessment studies Considering that the main novelty of the proposed model comes from the fact that it does not use the eddy-viscosity/diffusivity approach, for comparison, here we also present results obtained using an eddy-viscosity/diffusivity approach of similar level of complexity (zero-equation, non-dynamic) and computational cost. The eddy-viscosity/diffusivity approach in LES consists of computing the SGS stress' deviatoric part and the SGS flux as:
δ ij τ kk = −2ν t S ij , and
, where ν t is the SGS eddy viscosity and Sc sgs is the SGS Schmidt number. Smagorinsky (1963) proposed the first SGS eddy-viscosity model; in particular, the eddy viscosity is given by ν t = C s ∆ We have collected mean and turbulent statistics after achieving statistically steady states.
In the presentation, we denote the horizontal and time average as < · >, and the fluctuation of an arbitrary resolved variable f as f ′ = f − < f >; and on certain occasions, we take the simulations of 64 3 -node and 128 3 -node as base cases to present results.
First-order measurements
A long-standing problem in the LES of ABL flows is that the mean wind and temperature profiles differ from the similarity forms in the surface layer. In this subsection, we compare our numerical results with the predictions from similarity theory to gain a better understanding of the performance of the new model. to mean velocities larger than the ones predicted by the log-law. In the surface layer, the MGM is more effectively able to deliver a logarithmic profile, and the departure of the windspeed profile from the log-law lessens as the simulation resolution increases (see also Lu and
Porté-Agel, 2010).
To more rigorously evaluate model performance, one may examine the values of the nondimensional vertical gradients of the resolved streamwise velocity as a function of vertical position.
The nondimensional vertical gradient of the mean resolved streamwise velocity is defined as 
It has been well documented (e.g., Businger et al., 1971; Stull, 1988 
Power spectra
Power spectrum of scalar fields exhibits the inertial subrange and the dissipation range. In the inertial range, spectrum shows to follow the −5/3 power-law scaling (e.g., Sagaut, 2006 ); particularly in a neutral ABL flow, the inertial subrange should extend for a range of relatively small scales, k 1 z −1 , where z is the height and k 1 is the streamwise wavenumber. Note that the dissipation range is not resolved in our LESs of high-Reynolds-number turbulent flow; therefore, this range is not considered. (not shown here). Figure 6 presents the nondimensional power spectra obtained using C εθ = 0.4 and C εθ = 2.0. Excessive dissipation is observed for lower values of the coefficients, and higher values yield less dissipation. Optimal performance can be achieved around C εθ = 1.0, which is derived on the basis of theoretical arguments (as shown in section 2) and used in this study. The Ekman spiral refers to a structure of currents or winds near a horizontal boundary in which the flow direction rotates as one moves away from the boundary. The laminar solution produces a surface wind parallel to the surface-stress vector and at 45
Second-order statistics

Wind speed and potential temperature
• to the geostrophic wind, a flow angle that is somewhat larger than that observed in real conditions. Figure 10 temperature gradient, Φ θ , are key parameters for surface parameterizations in large-scale models and in assessments of SGS models. Owing to the existence of non-zero mean spanwise velocity component, the definition equation (11) is modified as
In the surface layer, Φ M and Φ θ are usually parameterized as functions of z/L. For instance, (14) and (15) .
the well-known linear relations (Businger et al., 1971; Stull, 1988 )
and nonlinear relations derived from Beljarrs and Holtslag (1991) It is interesting to explore the normalized flux profiles as shown in figure 13 . Nieuwstadt's analytical model (Nieuwstadt, 1985) predicts that the total buoyancy flux, if normalized by its surface value, should be a linear function of z/δ, where the boundary-layer depth δ is defined as of the resolved scales. Moreover, we will develop and assess more advanced modifications (e.g.,
Turbulent fluxes
one-equation models), which could offer alternatives to relax some of the model assumptions, such as the local-equilibrium hypothesis. Future work should also include a-priori studies using DNS data, field data, etc., and a-posteriori testings of the model in other flow conditions (e.g.
isotropic turbulent flows, heterogeneous ABL flows).
